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tion 

Hi.storical tron radiation (SR) has been obtained primarily 

from t ( sources. These continuous sources of e lee tromagne tic 

rad tion have contributed in a major way to our understanding of the 

s true ture and s of bio 1, chemical and material systems. Dur 

the past few years, newer sources of SR based on sophisticated periodiC 

magnetic structuras, called insertion devices (IDs), have been developed. The 

ele tromagnetie radiation from these IDs can be used as a very versatile probe 

in scientific and technological research which is far superior to that based 

on a EM source. 

Two different types of IDs--undulators and wigglers--have been 

to sa ti the requirements of various investigations. These 

requirements include the need for radiation with specific polarization 

char~cteristics~ a micrometer-sized source~ extreme narrow emanation of the 

radiation (low divergence)~ tunability of the energy of the radiation, 

ul spectral brilliance covering an x-ray energy range from soft to 

hard~ and a rna of the radiation characteristics with those of the x-ray 

optical elements for maximum utilization of the potential of such sources. 

A 1 these can be ded by a proper match between the characteristics of the 

positron beam in the s ring and the ID characteristics. Unlike the IDs 

retrofitted on eXisting storage rings~ the IDs on the Argonne 

6 GeV s tarage will be optimized in every aspect of their to 

form an integral part of the design and to meet the specific needs of the 

rese<l.rch programs thB t are planned and proposed for this storage ring. On the 

other hand, 8S experience is gained in the use of ID radiation, new 

applications will emerge. Hence~ it is essential that the integral design of 

the storage r and the insertion sections be flexible enough to accommodate 
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future needs. The design of the storage r described in the ous 

sections rates this flexibility. 

The primary purpose of the 6 GeV Light Source is to 

sources. However, it can also deliver BM radiation. It is antic 

ID-based 

ted tna t 

in view of excessive requests for beam time for hard x-rays on rlous 

trons in the U.S., the 6 GeV Source will be in demand for its 8M 

radiation. Also. there are many situations where energy radiation 

extreme useful, but the sample cannot take the excessive radiation power 

from an ID. The 6 GeV BM radiatlon is well suited to such situations. 

2 t Sources 

As indicated earlier, 64 8Ma are used in the storage r to 

the positrons in a near circular orbit. We Can extract sa from 32 of these 

BMs. There are 32 straight sections between the BMs in which one can 

introduce the IDs. These devices great flexibility in tail the 

characte sties of the emerg radiation to suit the needs of spec fic 

research programs. The positrons traveling a the th of such an ID 

rience transverse motion due to periodic magnetic fields tha 1 te te 

i polari The spectra distribution from this motion of the posl 

can be continuous and wide which case the ID is called a leI'," On 

the other hand. the emitted radiation can have spectral narrow and d screte 

s. 1n which case the ID is called an lator." The distinctIon be 

lers and undulatoTs is determIned quantitative the value 0 the 80-

called deflection parameter K. If the motion of the positron In a transverse 

In s approxImate sinusoidal then K is given 

K 
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where is the magnetic field in tesla and Ao is the spatial period of 

the magne tic Deture in centimeters. When K ) 10, the device is called a 

ler .\tad each of the magnetic poles of the wiggler acts as an inde t 

radiation source similar to a BM. The number of poles (or magnetic period 

i such ltipole wiggle determines the degree to which the photon 

intensity (or total f will be enhanced. One can also increase the energy 

of the photons from such a device proper choice of Bo' The ton critical 

energy. $ for the 6 GeV ring is given 

(keV) =: 23.95 

There are situations when one merely wants to increase the ton energy 

\tii thou t increas the total radidted power from a wiggler. This is 

accomplished by de a wiggler made up of a le magnetic period with a 

large magnetic field Such a Wiggler is usual referred to as an " energy-

shifter." On the other hand, there are situations where one would prefer to 

have flux wiggler with a low value of Ec. This is of special interest 

appl cations where ton harmonics are detrimental to the success 

of inves 

t 

tion. This so-called "low-E " wiggler can be designed c 

mul 1e periods with low 

For cases vii til. K .;: l, the radiation from various poles of an 

undulator shows constructive interference effects, which a spectrum 

consisting of one or several peaks. Because of the compression of 

radiated energy into these narrow peaks, one can realize very large photon 

fluxes in an energy range of choice from undulators. This should be 

contrasted with the radiation from wigglers or BMs, which deliver useful 

radiation as well as a large percentage of unwanted radiation from their 
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continuous spectral distributions. The unwanted radiation can form a 

heat load on the first optical element and hence complicate its des 

situation is alleviated by the use of undulator radiation. 

This 

It must be pointed out that in spite of their attractive 

characteristics, undulators cannot Cater to all experimental needs. It is 

hard to obtain first-harmonic radiation of more than 20 keV energy from an 

undulator on a 6 GeV tron with the presen avai lable magne t 

techno Also, the energy tunability of radiation from undulators is 

somewhat les8 straightforward than that from wigglers and 8Ms. 

Instead of a transverse motion of positrons in the ID~ one can have 

helical motion. The characteristics of radiation emitted such a helical ID 

are somewhat different from that emitted a transverse device. The helical 

devices~ however, perturb the storage ring beam in a or Flay. I·lence we 

sha I limit our discussion in this proposal primarily to transverse IDs. 

The IDs are so des d that the total magnetic-field integral over 

their th is zero, and hence their presence does not alter the ideal closed 

orbit in the storage ring. In fact, the influence of IDs on the positron 

ectory is an order of magnitude less severe than that from BMs. This 

rovldes an unprecedented flexibility to rate IDs with different 

radiation characteristics w thout a detailed reevaluation of the storage r 

performance. whereas the character of tha radiation from the BMs cannot be 

tailored as desired. 

3 Source Size Brilliance and Flux 

Three qUlimtities can be used to characterize the radiated 

beam from any of the above-mentioned sources on a storage r 

ton flux." peetral brightness" The 
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flux is defined as follows: 

photon flux number of photons/s .l%BW/mrad e ~ 

where BW is bandwidth and e is the angular of the radiation in the 

rbi 1 plane. tion (3) represents the integrated number of tons over 

the entire vertica angle~. The spectral brilliance is the spectral 

i tens ty emitted in the unit se-space volume of the radiation field, and 

8 expressed in the fol units: 

spectral brilliance number of sec!O.l%BW/mrad
2 

The se- space volume is obtained by convoluting the Gaussian distribution 

describ the positron beam in a storage ring and the radiation field 

deser bed in terms of Gaussian optics. If a d l:"" n i (i=x,y) are beam size 

and divergence, the average value of spectral brilliance over the length of 

the device is obtained divid the 
2 

ton flux by 4TI L E 
x y y 

In astra t section containing an undulator. the effective size 

and the divergence of the source~ and Ei (i=x,y). are given by 

+ ( + 

are the source size of the radiation field and the opening 

(4) 

(5) 

angle of the radiation. respectively. The quantities OR and ai are functions 

of the radiation wavelength A and undulator length L, and they include depth-

of- field diffraction effects; they are given by 
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In Eq. (5), and 

A 
L 

(i=x,y) are the positron beam size and divergence 

(6) 

These quantities are functions of the emittance of the lattice and the value 

of the amplitude function IS (betatron functions). As pointed out ear11er 2 the 

values of IS are determined by the focus properties of the storage r 

lattice and will be different 1n various sections of the ring. The amittances 

in the orbital (horizontal) plane (Ex) and vertical plane ( are 

where E 
o 

-9 
== 8.0xlO 

E 
x 

IS 
o 

1 + 
€ 

Y 

is the natural emittance of the proposed 6 GaV 

(7) 

lattice and k 2 is the xy coupling parameter. Hith positron beam coupl in 

the x-y plane defined by k2 = 0.1 (for the lattice), we obtain 

€ 
x 

-9 
7.3xlO m ·',rad; IS 

Y 

-10 
7.3xlO - m-rad. 

In terms of the betatron functions S and IS I the rms Gaussian width and x y 

divergence of the positron beam are given 

It is clear that the effective space volume is t on 

the betatron functions for a device of fixed th in a storage r 

a 1 though this de is rather insensitive at short wave ths of 

tons. (Mathem,atical ~ the!::e exists a set of optimum betatron functions 

for ,.hieh the space volume is minimum and the brilliance is maximum. 

6 
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This occurs for 2.) Hanca. for all practical purposes the 

undulator brilliance is t of betatron functions. 0a the other hand. 

in situations where one desires low photon-beam d one should 

ze r as much as the lattice operation will permit, Thro 

an luation of the needs of various experiments that will use the undulator 

and wiggle sources. it is found that the undulators should be low-divergence 

devices whereas the wigglers could be optimized for high brilliance. On the 

bas s of these general guidelines, the values of Sx and Sy in various parts of 

the lattice have been chosen. In Table 1, we present the values of betatron 

functions. positron beam size, and beam d in various parts of thb 

lattice in the absence of any insertions. It is important to note 

tha t in the des and operation of the storage ring, there exists 

considerable flexibility with regard to the choice of Sand B valuBs. since x y 

the optimum values cover a broad range. 

There are some tant observations that are specific to the 6 GeV 

lattice: (1) The effective size of the source (Eq. 5) is fairly independent 

of ton energies larger than about 1 keV. (2) In the same energy range, the 

apparent source size and due to radiation are smaller than the same 

quantities for the positron beam. For 1 A (or 12 keY) radiation from a 5 m 

undula tor ~ "" 1.8 J.1m and cr~ 4.5 J.1rad. Thus, <1R < <1i and 

cr""R < <1"" 
i 

( i=x, Hence, and 0# 
R 

make no major contribution to the total 

source size. The tron beam size and beam divergence mainly govern the 

spectral characteristics of the radiation from the various sources on the 

6 GeV storage ring, 

Final ,there are experimental situations where the physical size 

of the source is of no importance and beam need not be focused onto the 

sample. In such situatioDs, the useful quantity to characterize the radiation 
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beam is "spectral brightness." We define this as the brilliance integrated 

over the source size and express it in photons/sec/O.l%BW/mrad 2 • High 

brightness is achieved when the beam has small divergence. 

Table 1 

Betatron Functions, Positron Beam Size,and Positron Beam Divergence 

i3x (m) 

S (m) 
y 

( l-n:ad) 

( 

4 

in Different Parts of the Proposed 6 GeV Lattice 

Bending Magnet Undula tor Wiggler 

0.92 22.5 1.37 

13 .15 1.24 

82 405 100 

133 98 30 

89 18 73 

5 7 24 

In this section we will summarize the nature of radiation from 

bending magnet, undulator~ and Wiggler sources on a 6 GeV storage rand 

compare them with those from the sources on presently operating storage r 

8 



4.1 

In the present des of the storage riog with 64 ~Ms, the radiation 

from each bend covers 98.17 mrad and the trajectory of the positrons through 

each bend has a radius of 25 m. The vertical opening angle 2~ of this 

rad tion sheet is te 2 ,where y is the relativistic enhancement 

of the positron rest energy. For the 6 GeV lattice, y = 11742. Hence, the 

lue of 2/y is about 170 

The radiation from a BM source has a uniform distribution in the 

horizontal ( plane The complete spectral brilliance, BR. of the BM source 

as a function of the vertical opening angle and the photon energy E (in keV) 

is given 

(10) 

where SR is in the usual units for spectral brilliance (see Eq. (4», I is the 

total positron current in rnA, ER is th;; storage ring energy in GeV, and Ec is 

th;; critical energy (in by Eq. (2); Ec has a value of 19.16 keY for: 

the 8Ma on this lattice ( The function y~) is given by 

y ( 11) 

where ( E/2 ( 12) 

The central spectral brilliance is obtained by evaluating Eq. (10) with 

</! = O. In Eq. (11), 3 and KZ/ 3 are Bessel functions of fractional order. 

If one collects the radiation over the entire vertical angle ~, the 

integrated spectrum per unit aZimuthal angle 8 gives the flux: 
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feE) 2.456x10 IO ER I E G(y)1 ( 13) 

where f is in ph/sec/O.l%BW/mrad 8, ER is in GeV, I is in mA, E and E are in 
c 

keY, and the function G(y) is defined by 

G(y) E/B • 
c 

(14) 

In 1, the relationship given in • (10) is used to plot the 

brightness of the BM source as a function of vertical opening angle ~ for 

vclrioU8 values of the photon energy E. It should be noted that at low 

energies «2 keY), the radiation spreads well above 2/y (= 1.7xlO- 4 rad). The 

radiation obtained with E = Ec carries maximum brightness. One notices from 

the figure that the soft x-ray radiation « 2 keY) has considerable brightness 

for 1jJ > y. In order to profitably use these soft x-ray photons, schemes 

have been developed to shield the high-energy radiation by a cooled in-plane 

mask and to collect the soft x-ray radiation by using appropriate optics based 

on metallic superlattice structures. 

Table 2 compares the parameters of BM sources on the 6 GaV storage 

r with those of several opera hard x-ray storage rings. The Ust 

includes design parameters may not corres to opera parameter 

for the National Synchrotron Source (NSLS) located at the Brookhaven 

National Laboratory in New Yo the Stanford hrotron Radiation Laboratory 

(SSRL). which uses the SPEAR storage r at Stanford University in 

California, and the Cornell High Energy SynChrotron Source • which uses 

the CESR storage r located at Cornell University in New York. 

10 
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1 Br tness of BM radiation from a 6 GeV storage ring (100 rnA) as a 
function of vertical opening angle W for various photon energies 
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Table 2 

Design Parameters of Various BM Sources 

6-GeV NSLS 

E (GeV) 6.0 2.5 

I (mA) 100 500 

p 30.0 6.8 

B (T) 0.80 1.22 

Ec (keV) 19.2 5.1 

f lux at Ec 
b 

0.96 2.4 

Ox (mm) 0.082 0.3 

0y ( mm) 0.133 0.1 

aCHESS is being upgraded to a curr~nt of 80 mAo 

units of 10 13 ph/sec/O.l%BW/mrad 8. 

SSRL 

3.0 

100 

12.7 

0.79 

4.7 

0.48 

2.0 

0.28 

CHESS 

5.5 

L.,Oa 

32.0 

0.57 

11.5 

0.35 

1 .!+L" 

1.0 

In Figs 2 and 3, we have used the parameters of Table 2 to compare 

the flux and central spectral brilliance, respectively, from 8Ms on the 6 GaV 

source and three other sources. It is clear that among these sources the 

6 GeV source has the highest flux for radiation with energies above about 

7 keY; moreover, the 6 GeV source has the highest central brilliance over the 

rest over the whole spectral range. 

4.2 Undulator Sources 

Undulators can provide a very br t, quasi-monochromatic ton 

beam. The most prominent feature of the Argonne 6 GeV Light Source des is 
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the number of straight sections for such undulators. Out of 32 straight 

sections, as many as 28 will be available for the IDs after 4 are used for th~ 

accelerator components. The emittance of the present lattice has been 

carefully minimized and the betatron functions have been increased in the 

undulator st:!:"a t sections to provide a low-divergence photon beam of high 

brilliance. The ton energy of the nth harmonic at an observation angle e 

(in rad relative to the undolator axis is given by 

where E is in eV~ n 

2 
949 E n 

R 

) 

is in GaV. and A is in cm. On axis (8 a 

949 
2 

n 

A (1 + K
2

/2) 
o 

n 1.3,5 ••••••• , 

(15) 

0) I 

(16) 

and only the odd harmonics are present. However, one will observe the even 

harmonics of radiation even along the axis if either (a) the pinhole along the 

axis has a finite size or (b) the positron beam has a finite size and 

divergence. 

The minimum period of an undolator magnetic structure can be about 

1.6 cm with modern- magnet technology (see later discussions). Thus, from 

• (16), it is easy to that the highest first-harmonic energy that 

one can realize from an undulator on the 6 GeV storage ring will be about 

20 keY. The analogous value for the NSLS is about 3 keY. Thus, the 6 GaV 

source is unique in providing undula tor radia tion in the hard x- ray range. 

The average spectral brilliance or the flux from an undulator can be 

calculated to various degrees of precision. These procedures are described in 

more detail in Ref. 1. Our experience with a large number of such procedures 
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to compute the spectral brilliance has led us to accept the most realistic and 

accurate methodology, which is based on numerical integration procedures. In 

this method, the Lienard-Wiechert potential is integrated over a positron 

trajectory of finite dimensions. These procedures demand considerable 

computational time. depending on various parameters 8uch as the number of 

periods in the device, the storage ring energy, the source dimensions, and the 

integration accuracy. 

Figure 4 shows energy spectra for a ieal 6 GeV undulator with a 

first-harmonic peak energy of '11 keY. These calculations were done the 

above-mentioned procedure, with the size and the divergence of the positron 

beam included, for undulators made of hybrid SmCO S (REC) magnets (see 

Section 6) and with the undulator parameters given in Table 3. 

From Table 3 and Fig. 4, the following observations are made: 

1. On-axis brilliance increases with increasing value af K, as expected 

from simple undulator theory. 

2. Small values of K 8uppr~ss the higher harmonics. 

J. There is a fairly large contribution to the second-harmonic brilliance 

even when the radiation is collected along the undulator axis. because 

of the finite size of the positron beam. 

4. The energy of the radiation peaks exhibits broadening and, as will be 

discussed below, this broadening is influenced by the nan-zero­

emittance beam of 6 GeV positrons. 

5. The undulator can be tuned 80 that the first-harmonic energy can be 

varied between approximately 11 keV and 11+ keY by vary the 

undulator gap between 1.2 cm and 2.0 cm, respectively. There is 

concurrent variation in the second- and third-harmonic energies and 
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this fact can be exploited in many experiments needing third-harmonic 

energy tunability. 

6. The second- and third-harmonic radiation in most cases has high&r 

brilliance than the BM brilliance. 

The above discussion of a typical undulator provides a general 

understanding of the radiation characteristics from such sources. Later in 

this proposal more details with respect to different devices will be 

Table 3 

Parameters of the 6 GeV Undulator for Which the 
Undulator Energy Spectra of Fig. 4 \vere CalcuLated 

Magne tic Gap G (em) 1.2 2.0 

Undulator Period, 2.4 2.4 

Peak Field On Axis, ( 0.34 0.11 

Peak K On. Axis 0.76 0.25 

Number of Periods, N 208 208 

Undu la tor th ~ L 5.0 5.0 

1 s t- Ha rmonic Energy 10.987 13 .813 

1st-Harmonic Peak Bri 1liance a (016 ) 265.0 40.20 

2nd-Harmonic Peak Bri llianee a (10 16 ) 17.3 0.45 

3rd-Harmonic Peak Brill (10 16 ) 24.6 0.07 

axis brilliance in ph!sec!O.l%BW!mrad2!mm2 • 
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4.3 

In Section 2, we have defined various types of wiggler devices, 

name • a multipole w ler, an energy-shifter, and a low-E~ Wiggler. 
'-

Prerequisite for all these devices is a K value r than about 10, which 

will su t in a continuous and wide energy spectrum from them. This is 

achieved either large In prine le, a multipole 

Ii! ler can the same number of tons per second in the same bandwidth 

s an undulator with an identical number of periods in the first harmonic. 

However~ the angle of radiation and the effective source size for a 

ler are considerab larger than those of an undulator. Thus the spectral 

brilliance (or br of a wiggler is lower than that of an undulator. 

The flux of radiation from a mul le wiggler with N periods can be 

obtained simp mul ing the expression for the flux from a EM, 

• (13), 2N. The central brilliance can also be calculated in a fashion 

similar to the EM case if one is careful to use the proper source size. In 

• 4. the central brilliance is plotted as a function of photon energy for a 

ler ( the following parameters: 

N = 10, and K = 22. The brilliance is also compared with that of the 

undulator discussed above, and with BM radiation. This Wiggler source, with a 

critical energy of 28.7 keV, will be te for a number of 

experiments r ton energies up to about 100 keV. As will be 

discussed later in detail, this Wiggler can easily make use of permanent-

magnet techno It is hence important to recognize that for most 

conceivable applications of the 6 GeV source, there will be no need to use 

wigglers based on complex superconducting-magnet technology. of the type 

plLtSen be designed and built for the NSLS. 
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It is useful to compare the performance of 6 GeV wigglers with those 

operating or planned on other storage rings. In Figs. 5 and 6 we present the 

dependence of flux and brillIance, respectively, for various wigglers as a 

function of photon energy. In arriving at these figures, the parameters given 

in Table 4 have been used. 

Table 4-

Parame ters of Various Tranverse ~.Jiggler Sources 

6 GeV 6 GeV CHESS SSRL NSLS 
IHGZ WIG3 VI X-17 

ER(GeV) 6.0 6.0 5.5 3.0 2.5 

I (mA) 100 100 40 100 500 

p(m) 16.7 28.6 D.2 8.4 1.4 

Bo (T) L2 o .7 1.39 1.2 6.0 

(] (mm) x 0.1 0.1 1.9 2.5 0.3 

a (mm) y 0.03 0.03 1.2 0.15 0.02 

Ec (keV) 28.7 16.8 27.9 7.16 24.9 

Number 
of Po les 20 30 6 54 6 

Period ( 20 10 35 7.Z5 17 .8 

K 22 7 45 8 99 

L (m) 2.0 1.5 LOS 1.96 0.53 

Total Power 
(kW) 6.5 1.7 1.6 1.6 37.9 

Peak Pow<ctr 
(kW!mrad2 ) 16.7 14.6 1.6 2.8 3.8 
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5 Undulator Peaks 

For an undulator with N periods, the natural emitted band~,idth of 

the ~mitted radiation for an ideally parallel positron beam is given by 

I1E 
n 

E 
n 

1 
nN ' 

(17) 

where n 1s the radiation harmonic. Thus. for a typical undulator with 200 

pe iods, this bandwidth is 0.5% for the first harmonic. In the case of a 

6 GeV I' with non-zero emittance, there are other sources of energy spread. 

The contribution to the intrinsic bandwidth from the angular spread 

of the positron beam is 

!J.i 
2 

For an undulator straight section in the present lattice, we have (from 

Table 1) 0'- 18 and 0'" =: 7 l1rad. For a typical value of K =: 0.3, 
x y 

(18) 

the 

energy s a the x and y directions are 4.3% and 0.6% , respectively. 

Since the effec ts along the Uvo direc tions are not equal, the 

energy will be a convolution of these effects. The width at half 

maximum will be closer to the bandwidth in the y direction. and the 

distribution will have wings with spread closer to the bandwidth along the x 

direction. 

The size of the positron beam also contributes to the energy 

This can be estimated for a typical beamline length of D meters from 

the expression 

(19 ) 
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For our Lattice wi th Ox = 405 11m and 0y = 98 11m, the b&ndwid ths aLong the x 

and y directions will be 0.9% and 0.05%, respectively. This spread is small 

compared to th ... t d by the beam divergence. 

All the above sources of intrinsic broadening of the energy peak add 

to uce a halfwidth of about 2%. 

An additional extrinsic source of peak broadening is due to the 

acceptance angle, The acceptance angle in an ideal situation can be set 

equal to (j.P 

x' 

Lattice, (J 
.P 

x 

and this 

'" l8 

2 2 
s a bandwidth of y 8 • 

o 
For the proposed 

which gives a broadening of 4.5%. This is the 

dominant contribution to the of the peaks in Fig. 4. 

6 

It has been pointed out that the IDs on the 6 GeV storage ring wiLL 

not normal superconducting magnets. The permanent-magnet technology 

for IDs is advanCing very rapidly and many new undulator magnet design 

concepts are current being developed. We foresee the following three types 

of magne t des considered for room-temperature transverse IDs: 

l: Perma.nen t-magne t (CSEM) devices based on SmCo S (REC) or Nd- Fe-B 

materiaL A sketch of the geometry of such a device is shown in Fig. 7a. 

2: id magnet devices based on REC or Nd-Fe-B with the field-

defining poles made of iron or vanadium permendur. The geometry of this 

configuration is shown in Fig. 7b. 

3: Electromagnetic devices assisted by active permanent-magnet 

ma tarials. 
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The conceptual development of all these devices has taken place at 

the Lawrence Berkeley Laboratory, and we have benefited greatly from our 

contacts with the scientists and engineers involved. If a device were to be 

built today, the hybrid magnet device (type 2) would be the one of choice. 

These have considerable advantage over the permanent-magne t devices (type 

because of their intrinsic ability to minimize construction errors in the in-

plane magnetic field profile. The REC magnets have been used in some of the 

completed deVices, but the Nd-Fe-B magnets will have a slight edge over REC 

magnets because of their higher remnant field. As a result. one can obtain 

the same peak field with a larger undulator gap if the magnets are Nd-Fe-B 

rather than REC. This is an important design consideration and will be 

discussed in detail below. A type 3 device based on combined electromagnets 

and permanent magnets has not yet been built. These devices will provide 

conslddrable flexibility and superior performance to meet the second-phase 

demands of the 6 GeV L1gh!: Source facility. Since more R&D is needed with 

raspec t to 3 devices. for the purpose of this document we will limit our 

discussion mainly to transverse hybrid devices. 

For the id magnets based on permanent-magnet blocks and vanadium 

permendur pole- the dependence of the peak magnetic field Bo on the 

magnet gap G (in and undulator period Ao (in cm) is given by the semi-

empirical relationship 

( T) 0.95a exp [-G/ b - A )] 
o 

(20 ) 

In Eq. (20) the factor 0.95 represents the "filling fac to account for 

Losses in the field due to poor packaging of the high-permeability material in 

the undulator 88semb The equation is general true for 
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0.07 .;; .;; 0.7. The values of the constants a, b, Bnd c are given in Table 

5 for REC and Nd-Fe-B id magnets. 

Constants Used in Eq. (20), and Values of Remnant Field, 

for Hybrid Magnets Based on REC or Nd-Fe-B 

SmCos (REC) Nd- Fe- B 

a 3.33 3.44 

b 5.47 5.08 

c 1.8 1.54 

Remnant Field, Br (T) 0.9 1.1 

The tant aspect of Eq. (20) is the inverse exponential dependence of Bo 

on the gap-period ratio, G/Ao. Hence, as indicated earlier, the gap becomes 

an tant factor de B and, in turn, the value of K. which o 

determines the character of the radiation emitted by an ID. In Section 4.2, 

we showed that in order to obtain 20 keV first-harmonic radiation from an 

undulator, Ao has to be '1.6 cm. For such short-period devices, to maintain 

less than 0.7. it is necessary to work with small gaps (0.9 em). 

Reducing gaps to such small values is central to the detailed design of an ID. 
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In Fig. 8, Eq. (20) is used to plot the dependence of the peak 

magnetic field, B • on the gap-period ratio, G/A , for REC and Nd-Fe-B hybrid o 0 

magnets. Clearly, the Nd-Fe-B hybrid geometry provides a higher field than 

the REC hybrid geometry. 

Next we will make a few observations on the mechanical properties of 

magnet materials. SmCo S (REC) is a mechanically brittle material, and 

preparing magnet blocks of a uniform size and geometry and with a high 

homogeneous field distribution is difficult. This is of major concern in 

designing permanent-magnet (type 1) configurations. In the hybrid 

configuration, the mechanical tolerances are more critical for the pole-tips 

than for the magnet blocks. The pole mat~rial, namely. iron or vanadium 

permendur, has much better mechanical properties than REC or Nd-Fe-B. and 

hence the hybrid design is less affected by variations in the magnetization of 

REC or Nd-Fe-B blocks. In choosing between Nd-Fe-B and REe. two points of 

comparison are important in addition to the field comparison of Fig. 8: 

(1) Nd-Fe-B can be mechanically worked more easily than REC. and (2) the cost 

of Nd-Fe-B is considerably lower than that of the high-grade REC that is 

needed for a successful undulator design. 

The above discussion leads us to conclude that the hybrid geometry, 

based on Nd-Fe-B magnets, should be the choice for 6 GeV applications. 

However. at present we have the following reservations: 

1. The Curie temperature of Nd-Fe-B is much lower than that of REC and is 

only lSOoC above room temperature. Hence, a large variation in the ambient 

temperature can alter the magnetization and thus the undulator 

ch&racteristics. 

2.. For the same reason~ a gradient in the temperature along the length of 

the undulator could also gross affect the undulator radiation. Such 
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t~mperature gradients can come about if the radiation hits the walls of the ID 

vacuum chamber 00 which the magnet poles are resting. 

3. There are as yet no working undulators based on Nd-Fe-B hybrid 

magnets; wigglers based on these magnets are presently being constructed. 

It will be argued later that very little radiation impinges on the 

walls of the vacuum chamber of the 6 GaV IDs, and hence the primary concern at 

present in using Nd-Fe-B undulators is the variation in the ambient 

t~mperature. For the purpose of this proposal, \,e will present design 

parameters based on REC hybrid magnets. By the time the IDs are built 

for the present ring, we will have enough experience with Nd-Fe-B to make the 

final choice of magne t ma terials. Also, we would like to keep open the option 

of using newer magnet materials with superior properties. 

With regard to undulator design, we should also point out the 

following: 

1. The gap cannot be reduced below a certain minimum value. since there 

will be a definite aperture size needed for the positron beam. This minimum 

will also be governed by the length of the straight section the vacuum 

requirements, etc. If the undulator is inserted in the vacuum ring, the 

minimum gap can be about 0.8 cm. However, this makes the undulator design 

complex and reduces the flexibility of storage ring operation. On the other 

hand, if the poles of th~ ID magnets are located outside the vacuum jacket of 

the straight section~ the minimum gap will have to be about 1.0 to 1.2 cm~ to 

include the vacuum chamber wall thickness. 

2. As pointed out earlier. there are constraints on the K values that 

will permit the ID to work as an undulator. For K > 3 ~ the posi troa 

deflection becomes appreciable and r harmonics become prevalent in 
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the energy spectrum. The utility of higher harmonics (n > 3) 1s often limited 

in undulator applications. The value of K cannot be infinitesimally small 

a1 ther. value of K smaller than 0.2 drastically reduces the photons from 

the device. 

For the 6 GeV storage ring, we have calculated the first-harmonic 

energy E vs G/~ for hybrid REC undul.tors with various values of ~o. The 

plots are shown in Fig. 9. The variation of K vs G/~ for various values of o 

is shown in • 10. The boundaries of these figures are determined by the 

constraints discussed above, viz., G > 0.8 cm, 0.07 < G/A < 0.7~ and K ) o 

0.2. These diagrams can be used to define the 6 GeV hybrid REC undulator 

parameters required to deliver various firs~ and higher-harmonic energies. 

Such plots are also easily generated for the hybrid Nd-Fe-B 

undulators. For AO == 1.6 em, the gap required l:O produce <Ii 20 keV first-

harmonic energy with this undulator is about 1.2 em, versus 1.0 em for an 

optimized hybrid REC configuration. 

We can also observe from Fig. 9 that the tunability of energy 

differs for undulators with different periods. It is very limited for the 

short-period undulators. This will be discussed in more detail in the next 

section. 

7 

One can easily obtain photons of different energy at the 

experimental sample by use of a monochromator, if the spectral distribution is 

wide and continuous. This is true with both BM and wiggler sources. However, 

when the spectral distribution is discrete, as in the case of an undulator, 

de tai led t must be given to the question of energy tunability. At least 

three tuning procedures can be considered: (1) In Section 5, it was pointed 
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out that the on-axis undulator peaks have an energy spr~ad of about 4-5%. If 

the experimental needs are within this range and the change in the spectral 

intensity OVer this range can be tolerated, then a monochromator can be 

used. (2) It is also apparent from Eq. (15) that, by selecting the undulator 

radiation at different angles with respect to the undulator axis, one Can 

obtain variations in photon energy. (3) As has already been pointed out in 

the last section (and Table 3). in many cases undulator gap variation will 

provide the required energy tuning. In this section we will discuss these in 

some detail. 

1. To observe the details of the firs~harmonic spectrum, in Fig. 11 we 

have plotted the flux through a pinhole of 8.S ~rad x 8.S ~rad divergence 

placed on the axis of the undulator emitting 11 keY radiation (see Table 3. 

Case A, undulator parameters). Use of a monochromator on such an energy peak 

prOVides limited tunability which may be adequate in Borne investigations. 

If the dynamiC range of the experimental components (optics and detector) is 

broad enough, even in the valley of the spectral distribution, the brilliance 

is high enough (higher than the EM sources) to be profitably utilized. 

2. It can be seen from Eq. (15) that the undulato!' peak energy varies 

with observation aogle; this is discussed in detail in Ref. 2. The energy of 

the photons can hence be changed by mere moving the pinhole away from the 

undulator axis and using a properly designed monochromator. This of course 

demands considerable stability of the photon beam, and feedback mechanisms ar~ 

needed to keep the angular position of the beam stable. Alternative 

procedures involve the use of sophisticated x-ray optics consisting of a 

movable mirror-monochromator combination. 



5 10 15 20 
Energy (keV) 

Fig. 11 Flux through a pinhole of 8.5 ~rad x 8.5 ~rad placed on the 
axis of an undulator 
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3. In Fig. 4, we showed the range of tunability that could be achieved 

for one of the u3dulators by varying the undulator gap. Table 6 shows the 

energy-tuning capability, based on gap variation, for a typical set of hybrid 

undulators designed for the 6 GeV storage ring. This set of 5 m long 

undulators covers the first-harmonie-energy range from 3.0 to 20 keV. The 

calculated energy and brilliance values from Table 6 are plotted in Fig. 12. 

and the analogous valuBs for the third-harmonic radiation arB plotted in 

Fig. 13. The tunability range of the undulators delivering higher first-

harmonic energies (#1-#4) can be increased by oper~tion of the storage ring at 

higher positron energies. 

There are numerous questions regarding the undulator energy 

achieved through gap variation. In the present design of the storage ring, 

considerable effort has been expended to make the undulator a transparent 

device with respect to the storage ring. Also~ the design includes required 

beam monitoring and feedback systems, which will reduce the interaction 

between IDs to B minimum. Hence, it will be possible to vary the gap at one 

undulator without perturbing the photon beam delivered by other sources on the 

r (As a consequence of this arrangement. gap variation will be possible 

at on one device at a time.) The task of varying the gap will be handled 

the storage-ring operations group. The frequency of gap variation at any 

device will depend on the operating experience gained at the ring. In the 

worst-case scenariO, the gap variation might have to be carried out prior to a 

new injection of positrons into the ring. Limited energy variation can be 

accomplished by a monochromator, as described above. 

In both the firs~ and third-harmonic cases, the tunability of the 

undulators varies between 5% and 50% of the photon peak energies (see Figs. 12 

and 13). If a larger variation of ton energy is desired at a given beam 
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Table 6 

Tunability of Typical 5 m Long Hybrid REC Undulators 
for the 6 GeV Storage Ring 

Firs t-Harmonic Peak First-Harmonie 
Gap, G Energy, E Deflec Hon Bri11iance~ 

Undulator (keV) Parame ter, K 
Period, 1,0 Number of 

Undulator (em) G1 GZ E1 EZ K1 KZ B1 B2 Periods, N 

1 1.6 0.92 0.78 20.0 19.0 0.37 0.50 1.2 2.1 312 

2 1.7 1.22 0.82 19.5 17 .5 0.25 0.54 0.5 2.3 294 

3 1.9 1.44 0.90 17 .5 15.0 0.25 0.63 0.5 2.5 263 

w 4 2.2 1.72 1.06 15.0 12 .5 0.27 0.70 0.5 2.5 227 
"-J 

5 2.4 2 .03 1.16 14.0 11.0 0.25 0.77 0.4 2.4 208 

6 2.8 2.56 1.39 12.0 9.0 0.25 0.85 0.3 2.4 178 

7 3.8 3.47 1.80 8.5 5.0 0.34 1.26 0.4 2.5 131 

8 4.8 4.33 2.22 6.5 3.0 0.44 1.66 0.5 2.2 104 

aOn-axis value, in ph/sec/O.1%BW/mrad2/mm2 • 



rst armonic 
#2 

#5 

#8 

:::R 0 

V- o 1 
a 1.5 --(,) 
ill 
en 

co 1.0 ~ v-

~O 

0.5 
"-

CO 

Energy (keV) 

Fig. 12 First-harmonic e s available with variable-gap undulators wIth 
periods between 1.6 and 10 em 

38 



1 

1014 

o 

(em) 

1.6 
1 

#3 1.9 
2.2 
2.4 

#6 2.8 
#7 3.8 
#8 4.8 
#9 8.0 

#10 10.0 

10 20 

\ 

30 

Energy (keV) 

Third Harmonic 

40 50 

Fig. 13 Same as Fig. 12 for the third-harmonic energy 

39 

60 



port, then the experimenter should use either the radiation in the higher 

harmonic range at the cost of peak brilliance (depending on the K value of the 

device) or a set of undulators with different firs~harmonic energies, 

assembled at a single straight section on a carousel. Switching of undulators 

on a carousel will have to be done less frequently than gap variation. 

Procedures will be established to accomplish either the gap 

variation or the device switching at a straight section through the use of 

software locks at various levels of sophistication, as needed. This wil 

ensure successful and smooth operation of the storage ring without interaction 

between Various experiments. 

In summary, undulator energy tuning, by means of either a gap 

variation or device switching, is desirable at a 6 GeV storage ring; with a 

properly structured procedure, this can be accomplished by the storage-ring 

operations group after implementation of the essential diagnostics and 

monitoring that are included in the present design. 

8 tion Device Vac s 

In choosing the des of the vaCuum chamber in the straight 

sections. the following points are to be considered: 

1. The vacuum enclosure will be all metal for maintenance of a low 

outgassing rate and for resistance to radiation and heat (either from the 

radiation or from baking). 

2. The internal profile of the vacuum chamber should be smooth and 

COlltinuous to minimize beam-induced hea 

3. The vertical aperture of the chamber should be such that injection of 

the positron beam can be achieved without any beam loss. The minimum 
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desirable magnet gap for an undulator with first.-harmonic energy of 18-20 keV 

is of the order of 1.0 em. This gap is a sum of the vertical aperture and the 

wall thicknesses of the chamber. If a larger gap is feasible, the vertic&l 

aperture should be commensurate larger. 

4. The wall thickness should be adequate to take the mechanical stresses 

from the vacuum inside the chamber and from any heating that occurs (from 

radiation or from baking). 

5. The design should allow attachment of pumps such that the required low 

vacuum can. be easily achieved. The average pressure Pav in a straight section. 

of length L (in cm) with n symmetrically placed pumps, each of speed S (in 

sec), is 

where 

P 
ElV 

q = specific outgassing rate (usually <10- 11 torr·~/sec/cm2), 

b "" per 1 length of the inner section of the chamber (em), 

C = specific conductance constant (~·cm/sec) 

(21) 

6. The chamber material should have low magnetic permeability even after 

metal working and baking. 

In view of the above considerations, the final selection of the ID 

vacuum chamber is contingen.t on the gap requirements of the IDs. At this 

time, we have considered three vacuum chamber geometries that will meet most 

of the needs of the IDs. They are discussed in some detail below. 

This is a rigid vacuum chamber with a 

maximum vertical aperture of 16 mm and a minimum wall thickne.ss of 2 mm, which 

will provide a minimum ID gap of 2.0 cm. A schematic cross section is shown 
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in Fig. 14&. Such i:i chamber would be suitable for many IDs. For example, let 

us consider a wiggler with a 20 em period. The minimum value of GI will be 

0.1 in this case. If a hybrid REC configuration is used, one can achieve 

values of '" 1.85 T and K =: 35. We could also consider a whole set of 

undulators built around such a vacuum chamber, which can deliver firs~ 

harmonic radiation with energy as high as 14 keV (see Table 6). 

The average pressure in a Type A ID vacuum chamber, 6 m long, can be 

calculated from • ( 21 ) • vJi th b 16 cm and C = 1010 ~. sec for nitrogen, 

1.3 -9 x 10 Torr can be achieved with two symmetrically placed pumps 

with a speed of 100 ~/sec. In this calculation we have assumed the outgass 

rate to be 10- 11 Torro1/sec/cm2 • This is a typical rate for a baked metal 

chamber. However, the photodesorption will increase the outgassing at initial 

stages of the ring operation. 

The vacuum Chamber aperture in any plane should be large enough to 

result in a long positron-beam lifetime and should allow for closed-orbit 

errors The required aperture 8i can be estimated as follows: 

8i t [(closed-orbit e + 10 1, i=x,y. (22) 

The value of a can be estimated, for the worst-case scenario of full coupt 

to be 0.2 mm for the present lattice design. Assuming the vertical closed-

orbi t error to be 2 mm, we obtain 8y == -.1:4 mm. \,Ji th a Larger c losed-orbi t 

error of 10 mm in the horizontal direction, the estimated minimum horizontal 

aperture needed will be ox == mm o Since the positrons are Be ted in the 

horizontal plane in this des ~ we should add a 12 mm allowance to ox for 

injection. Hence, Ox = t24 mm. 
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(a) 

--------------7cm------------~ 

Fig. 14 Cross section of two ID vaCuum chambers with different apertures 
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In summary, the type A vacuum chamber is suitable for most of the 

straight sectioD3 and meets all the requirements for successful machine 

opera tion. 

This chamber is similar to type A, except 

that the vertical aperture is 8 mm and the minimum wall thickness is 1 mm. 

(See Fig. l4b). The minimum ID gap with this vacuum chamber is 1.0 cm. Thus 

this chamber is suitable for undulators needing small gaps, like the one 

capable of del 20 keV firs t- harmonic radiation Un in Table 6). The 

calculations indicate that the walls of this chamber have te mechanica 1 

integri However$ the of the chamber can be ribbed to increase the 

mechanical strength. In this case, the structure of the rib will have to be 

matched with the undulator period. 

The average pressure in this vacuum chamber can be as low as that 

for the type A chamber. The vertical aperture, on the other hand, is jus t 

adequate for successful ection (as discussed above for the A 

Chamber). Hence we recommend that experience be acquired in reducing closed­

orbit errors before this chamber is used for undulators where small gaps are 

needed. If there are problems with ection in the small aperture of the 

r chamber we suggest a movable vacuum chamber with an us table 

aperture, as discussed below. 

Unlike the previous two types of vacuum 

chambers, this one permits enlargement of the aperture 8S needed dur the 

injection. The aperture can be reduced so that very small gaps 

can be achieved. Such a vacuum chamber has been successful operated at SSRL 

on the 54-pole wiggler beamline. A of this chamber is shown in 

15. The flexiblli in the chamber aperture is provided by the omega jOints 

and racetrack plan; one can obtain a maximum aperture of 1.8 cm, which is 
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• 15 A flexible vacuum chamber suitable for the 6 GeV lOs (drawings 
XBL 833-8953, courtesy of Lawrence Berkeley Laboratory) 
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suitable for positron 

are closed, the ribbed 

ection in our lattice des When the omega joints 

des ts a minimum gap of 0.8 cm. The 

undulator magnet stack is moved independent of the omega joint motion, so 

that the chamber s great flexibility for gap adjustments. The 

needs for such a vacuum chamber can be met with a pump speed of 1500 to 

2000 sec. 

Ai this vacuum chamber is ideal for small-gap ID applications 

and has a been designed for shorter ID ths, it is complex in detail 

to a rigid type B vacuum chamber. The mechanical tolerances for 

longer vacuum chambers are bound to be more stringent, and this should be an 

important factor in the final choice of the design. 

In summary, it is advisable to use type A vacuum chambers for 

straight sections in the initial period of storage ring operation. When 

enough experience has been gained in injection, one could select either of the 

low-gap vacuum chambers (type B or type • depending on the application. Use 

of Nd-Fe-B rather than REC id magnets will relax the minimum gap 

requirements about 2 to 4 mm~ on the 10. This will work very 

favorab in de type B chambers with r apertures to facilitate 

ec tion. 

9 

The des parameters of an undulator can be selected on the basis 

of the considerations outlined above. All aspects of the technical and 

design need careful consideration. These include a 

the th of an undulator, non-ideal field distribution. non-uniform 

gap~ etc. 
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Inhomogeneity of the field will be detrimental to the production of 

high brilliance. 

undulato!:" peak: 

Such variations in the field, ~B , will broaden the 
o 

fl.E 
n 

1 + 

dK 
fI.B 

o 
B 

o 

The pole pieces have to be chosen with care to ensure well-matched magnet 

(23) 

pairs, which will reduce fl.B o • Careful assembly of the magnets Is also crUCial 

to the proper definition of the positron trajectory. Hence, the field 

distributions will have to be measured after all the pole pieces are 

assembled. Integral field measurements should be carried out to make sure 

that the field integral is zero over each half of the undulator for all field 

levels (various gaps). Specifically desi;VIThX t>:txdtcml. <ljjir,<t':e:nH:i l','",vn::H'.(c 

electromagnets) are needed for nulling the field integral \~ 

Even if the pole pieces are selected with great care and are 

assembled to form a "perfect" undulator to reduce 11B o ' the misalignmen.t of the 

undulator axis with respect to the positron trajectory will destroy the 

vertical field homogeneity. 118 is a function of vertical misalignment and 
o 

the undulator period. The extent of the field aberration will be greater in 

small-period undulators with small gaps. This aberration is hence related to 

the tolerance of the vacuum chamber geometry along its length. 

In summary~ the undulator designs should aim for minimum field 

errors, and these should be measured at every stage of undulator assembly and 

ins ta lla lion. It is obvious from the discussions of the last t\lJO sections 

that there is not much demand for undulator harmonics higher than the third. 

The tolerance requirements for the first few harmonics are less stringent in 

our lattice because of the intrinsic energy broadening (discussed in Section 
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5) due to positron beam divergence. 

From the detailed measurements of field errors carried out by 

Spectra Technology on the 54-pole device (AO = 7 cm) built by Lawrence 

Berkeley Laboratory and on a high-precision 5 m long undulator (AO = 2.18 cm~ 

450 poles)~ it is estimated that even for the shortest-period undulator 

planned for the present 6 GeV lattice, a field error of less than 0.5% can be 

achieved. It is easy to hold the error below this value for the period 

devices. 

The field errors can also influence the synchrotron tune shift. The 

horizontal tune shift f:.v can be estimated from the relation 
x 

f:.B e A IN 
x 0 

4121TB P 
o 

where P is the radius of the positron trajec tory in the undula tor. For 

(24) 

AO = 2 cm, BoP = 200.1 kG&m, ex - 20 m, N - 200, and Bo - 3000 G, a field 

error of 0.5% results in a horizontal tune shift of 2.4xlO- 3 • This should not 

hinder the successful operation of the storage ring. 

Another important tolerance factor concerns the bend angle in the 

positron trajectory along the undulator. For successful operation of the 

undulator, the cumulative error in the bend angle due to the field error ~ 

should not greatly exceed the beam 

error is given by 

I( 

The cumulative bend-angle 

B p). 
o 

(25) 

The value of AS in the above example would be 15 urad. This is comparable to 

the positron beam divergence in the lattice design in an undulator straight 
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section. Thus the field error of 0.5% is, in general, acceptable for meeting 

the various tolerance criteria we have discussed. 

10 

When one delivers a very brilliant photon beam, one also delivers a 

large amount of radiated power concentrated in an extremely small solid angle 

from the low-emittance 6 GeV storage ring. This power will have to be handled 

in a beam line various components such as absorbers, masks, filters, 

pinholes, windows, and the optical elements (mirrors and monochromator 

crystals). In this section, we present a quantitative evaluation of the 

radiated power from the various sources and their angular dependences. 

10.1 Bending Magnet Sources 

The angular dependence of the power emitted by a BM, in units of 

W/mrad ejmrad W, is given by 

-2 4 
1.24xlO ~ B I S( Y1/!), (26) 

where ER is in GeV, B is in T, I is in rnA, and 

(27) 

The distribution is shown in Fig. 16, where the total power is represented by 

the area under a rectangle of width equal to 2 x 0.7 y. The peak power of 

this dis tribu lion (1/! == 0), in W/mrad e/rorad 1/!, is 

(28) 
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For th~ design considered here (B = 0.8 T, ER = 6 GeV, and I 100 rnA), the 

is 560 d 8/mrad 1/1. 

integrating for all 8 and 1/1, we obtain the total radiated power 

from a Bf1: 

p (29) 

2.45 is the length of the positron ectory through the EM. 

For our lattice, P ~ 7129 W. Thus, per mrad 6, the radiation des 73 W of 

average power over all 1/1. In Table 7, we contrast the power distribution from 

the BMs at NSLS and the 6 GeV lattice. The peak power density 

delivered by the present lattice is conSiderably larger than that from NSLS, 

whereas the total power does not show the same increase. 

Table 1 

Comparison of Power Delivered by Two EM Sources 

6 GeV NSLS 

E (GeV) 6.0 2.5 

I (rnA) 100 500 

E 0.80 1.22 

p ( 25.0 6.8 

Ec (keV) 19.2 5.1 

21/1 (mu.d) 0.17 0.41 

Average Power (W/mrad 8) 73 1+0 

Peak Power (W/mrad 6/mrad 1/1) 560 128 

51 



The total power (in watts) radiated from an ID of length L (in 

meters) is given 

p 0.633 E 2 B 2 I L, 
R 0 

(30) 

where Bo is the peak field in the ID. The angular dependence of this power 

(in W/mrad 8/mrad ~) is 

02p/o8~ = 0.01084 E 4 BIN G(K) fK(e,~), 
R 0 

where N is the number of periods in the ID and K is the usual deflection 

parameter. In the above, 

G(K) 

(3 

(32) 

and fK(6,~) is a complex integral normalized to 1. For ~ = 0 and 8 = 0, the 

peak power density (in W/mrad 6/mrad ~) is obtained from 

(33) 

It is important to note from Eq. (32) that much of the variation in G(K) is 

for K values smaller than 1.0, with G(K=1.0) = 0.94. As we approach the 

wiggler regime (K ~ 10), the value of G(K) approaches 1; Ge oo) - 1.0. Hence 

the variation in the peak power density for a given undulator increases as K 

approaches 1.0 and then saturates for larger values of K. 
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The horizontal and vertical sections of the angular power 

distribution for 6 GeV IDs with various values of K, namely f K(8,O) and 

fK(O,W), are shown in Figs. 17 and 18, respectively. It should be pointed out 

that the vertical distribution for K = 00 is identical with that of a 8M, as 

given by Eq. (26). Thus the extent of the vertical distribution of radiation 

power from any real ID will be smaller than that from a 8M. The horizontal 

power distribution, fK(8,O). approaches that of a wiggler as K increases, with 

the power cutoff at tK/y. The extent of horizontal distribution of the power 

densi for a typical undulator is always smaller than that for a wiggler and 

increases with increasing K. 

Let us consider a typical hybrid REC undulator with AO = 1.9 em~ for 

which the first-harmonic energy is '15 keV. For this undulator~ L = 5 m, 

N "" 263, Bo = 0.35 T, AO = 0.9 em, and K = 0.63. From previous equations, it 

is found that the total power radiated by this device is 1395 W, and the peak 

power density is 113 kW/mrad2 • Most of the radiated power is distributed in a 

solid angle of approximately 130 x 130 vrad2 • Next let us consider & wiggler 

on the 6 GeV ring with == 1.5 T, N "" 15, >"0 == 10 em, and K "" 14. The total 

power from this wiggler is 7.67 kWand the peak power density is 31.6 

kW/ The horizontal power distribution spreads between tl.2 mrad. The 

enve from the distribution of the power densi for this wiggler 

is shown in Fig. 19. 

Often it is more useful to consider the power distribution on a 

surface located D meters away from the center of the ID. The normal radiation 

impinging on a Burface can be defined peak surface power density 

w 
xy 

2 
880W <at 8=0, w=O)l/ D • 
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In the above undulator and wiggler examples, the values of Wxy at a distance 

of D ~ 20 m from the source are 282 and 79 W/mm2, respectively. This power 

falls off rather fast as we mOVe away from the axis of the ID in both the x 

and y directions. At normal inCidence, the power from the undulator exposes 

an area of 2.6 mm x 2.6 mm at a distance of 20 m. The analogous area 

for the wiggler is 3 mm x 24 mm. 

The above underst.anding of the angular distribution of radiation 

from IDs on the 6 GaV storage ring has the following important consequences: 

1 Ie .. mounts of radiation from the IDs will strike the walls of the 

vacuum chamber e"ven when the chamber aperture is 8 mm (type B chamber). Thus 

the todesorption from the walls of the IDs is not significant. Also, no 

cool of the ID walls is necessary. The magnetic structure will not be 

exposed to the radiation. Hence there will be no radiation degradation of the 

magnetic properties that are otherwise anticipated, nor will the magnetic 

structure be heated the radiation. Also, the extraction of the radiation 

from the ID should be simple, and no extra shielding will be needed in the 

viCinity of the radiation ports. However, the ID radiation will pass through 

the fringing field of the next BM. This will contaminate the ID radiation 

with soft x-ray radiation. This will be of consequence only in lOvJ-energy 

undulators, if at all. 

11 larization of Radia from Various Sources 

In many experiments, the polarization characteristics of the 

radiation are of paramount importance, and synchrotron sources provide many 

possibilities for obtaining radiation of the desired polarization. 
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ll.l 

The radiation from BM sources is linearly polarized in the orbital 

(xz) plane. The critical energy radiation (19.13 keY) from our lattice is 

99.92% linear polarized. With increasing W, the perpendicular polarization 

gradual increases at the cost of polarization parallel to the xz plane. 

These two components of polarization are phase correlated, and hence one can 

obtain elliptically polarized radiation as W increases. The polarizations 

above and below the xz plane are opposite in helicity. The el t-ici ty of the 

radiation at any given angle also depends on the energy of the radiation. 

On passing through a transverse multipole wiggler, the positron beam 

experiences bending forces in two opposite directions. Hence~ the radiation 

is linearly polarized only in the orbital plane (xz). Away from this plane, 

polarizations of opposite helicity from successive poles add to des the 

net polarization, except for a residual linear component. This should be 

contrasted with the situation for a BM or a single-period energy-shifter 

wiggler. 

In some situations, linear polarization in the yz plane rat-her than 

in the xz plane is desired. This can be accomplished designing a mul le 

wiggler with the positron ectory in the yz plane the field a the 

xz plane). The difficulty in such a des arises from the need to have a 

larger gap in order to accommodate a large aperture for the ID VaCuum chamber 

in the xz plane. In spite of this, a wiggler Can be designed by using 

permanent magnets with the field in the xz plane (see Ref. 2). 

A helical wiggler can deliver radiation with circular polarization 

the axis of the device. However, such a device will strong 

coupling between the horizontal and the vertical motion 9 with a resultant 
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increase in vertical beam size. Hence, we shall not consider such a device 

for the present lattice at this time. 

11.2 larization from Undulator Sources 

The nature of polarization emitted a transverse undulator is 

de t on the observation angle. The inclusion of the positron beam 

d vergence smears the polarization content of the radiation. but in our design 

it Is not des d. A 

componen~t whereas a 

observation angles (see 

the x axis one has linear polarization (0-

the y-axis the 0- and n-components appear at various 

• 20). Our calculations suggest the possibility of 

selec a wide variety of el ticities of polarization by choosing an 

appropriate observation angle for a given photon energy. 

There are two distinct types of undulators which can in principle 

deliver on-axis radiation with arbitrary polarized radiation. The first one 

is a helical undulator which delivers circular polarization along the axis. 

This device presents the same difficulties in its implementation as the 

helical ler discussed above. The second device~ which has been proposed 

scientists at the Lawrence Berkeley Laboratory, is called a "crossed­

undulator.'· This consists of a set of two orthogonal transverse undulators 

and can produce polarized radiation of varying ellipticity. It can deliver 

radiation that is linearly polarized along either the x or the y axis. The 

des of such a device will demand a vacuum chamber that provides both an 

acceptable aperture and an appropriate magnet gap in both the x and y 

directions. This device will need considerable developmental work before it 

is constructed for the present storage ring. 
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12 A 20 Undula tor 

12.1 In troduc tion 

One of the ts of the present design is to deliver 

app imJitte 20 keV radiation in the first harmonic of an undulator. This 

des goa was set because a host of scientific experiments in the future 

\v:Hl undoubted need high-energy, high-brilliance radiation. These range 

from bsorption spectroscopy of the Mo K-edge for understanding the structure 

of proteins and cata ta to ultrahigh-anergy-resolution inelastic scattering 

from In this section, we present a prel design study on such 

an undulator • 

• 2 

21 shows a schematic layout of the magnetic structure of this 

transverse undulator. In this hybrid configuration, the magnetic field 

strength and distribution depend on the geometry of the pole-tips, so that the 

field quality is much less dependent on the magnetic and geometric quality of 

permanent magnets. The magnet material could either be REC or Nd-Fe-B for 

this id geometry. The peak field can be tuned by varying the flux shunts 

at each pole (see Fig. 21). We have considered two possible materials for the 

pole- s: vanadium-permendur and 1010 steel. The design of this device is 

based on a preliminary optimization of the magnetic structure. In this 

~ various geometrical parameters of the structure were iteratively 

optimized through a two-dimensional field computation (in the yz plane). The 

resul 

then 

parameters are presented in Table 8. Three-dimensional effects were 

estimated to obtain a pole width and magnet width that would not 

alter the field homogeneity. 
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Table 8 

timized Parame ters of a 20 keY Hybrid REC Undula tor 

Undulator Period. Ao (em) 

t Gap, G (cm) 

Pole Width in x Direction 

Pole He t in y Direction 

Pole Thickness in z Direction 

Magnet Width in x Direction 

t He t in y Direction 

Magnet Thickness in z Direction 

Pole-Tip Overhang in y Direction 

Peak Field On Axis. ( T) 

Peak K On Axis 

Peak Field Increase (%) at 0.1 em 
Off Axis in y Direction 

Peak Field Increase (%) at 0.2 em 

Parame ter 

1.6 

1.0 

4.0 

2.50 

0.45 

4.8 

3.05 

0.575 

0.05 

0.2356 

0.352 

3.0 

Off Axis in. y Direction 12.0 

Decrease (%) Achieved in B by 
o 

Increasing Pole-Tip Overhang to 0.1 em 5.5 

Length of Straight Section em) 6.0 

Minimum Length of Transition Section (m) 0.4 

Maximum Length Available 
for Undulator (m) 5.2 

Maximum Undulator Periods Used in 
Spectral Calculations, N 
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Figure 22 shows the optimized two-dimensional magnetic flux 

configuration of a half period of the undulator. In arriving at the 

field of 0.2356 T, a residual induction of 0.90 T and a demagnetization force 

of 8.85 kOe have been used. Use of 1010 steel instead of vanadium permendur 

for: the pole- would reduce the peak field 1.1%. An increase of 1.0 cm 

in the heights of the permanent magnet and the steel pole increases the 

field by 3% in this optimization. 

Figure 23 shows the calculated variation of the y-component of the 

magnetic field~ which almost exac follows the desired profile a the z-

Such behavior of the undulator field profile is 

required in order to predict the radiation spectra from this davlce. As the 

trajectory of the positrons is moved 1 mm above the undulator axis the beam 

will expertence a 3% increase in the peak magnetic field and a field proflle 

that deviates from a cosine function. This deviation is even greater when the 

ectory is 0.2 em above the undulator axis in the yz plane (see Fig. 23). 

Figure 24 shows the angle-integrated on-axis spectral brilliance in 

the vicinity of the first harmonic located at 20.10 keV, for the expected K 

value of 0.352. If the magnet material is replaced Nd-Fe-B in the des 

under discussion, the expected field is 0.288 T and the value of K is 

0.43. This enhances the first-harmonic brillianc.e, as sho~m in • 24. On 

the other hand, if K = 0.35 is 

gap can be increased to 1.1 cm. 

12.3 Vacuum Chamber 

ua te wi th the Nd- Fe-B coni ra tion~ the 

We have discussed the vacuum chamber geometries in a general way in 

Section 8. For an undulator~ we have the option of selec 11 flexible type 

C chamber based on omega joints and a racetrack plan (Fig. 15) or a r type 
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B chamber with an 8 mm aperture. The consequences of each choice were 

discussed in detail earlier. The following discussion is limited to the 

mechanical details of rigid undulator vacuum chambers and pumping chambers for 

this straight section. The halves of the rigid chamber will be machined to 

provide the needed geome and welded together along the neutral axis to 

minimize warping. 

The 5.2 m long undulator vacuum chamber will have pumping Bnte-

chambers welded onto each Side, as shown in Fig. 25. A ge t ter pumping 

str will be mounted inside each pumping chamber. Each slot will have a 

conductance of approximate 1.6 ~/sec (for nitrogen). Considering that on 

one side of the Zr/Al strip will be available for pumping, the initial 

effective pumping speed em each side of the undulator vacuum chamber at room 

temperature will be 50 and 150 llseelmeter of undulator length for CO and HZ' 

respectively. 

13. A ler-Undulator 
~--~~--------~--

13.1 In trodue tion 

It would be very useful to have an ID which could provide a wide 

variability in K, and thus serve as both an undulator and a wiggler. Such a 

device would have many interesting applications~ as it would permit different 

kinds of investigations to be carried out on a beamline without restructur 

the ID. To demonstrate this capability in the case of the 6 GeV storage ring, 

a preliminary design is presented for a device with an 8 em period. The 

variation in K for such a deVice as a function of G/Xo is shown in 

• 10. 
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Fig. 25 Schematic of vacuum chamber, showing pumping chambers 
containing Zr/Al strips for the 20-keV undulator 
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13 .2 

The minimum gap needed for the device to be a wiggler is about 2.0 

em. With the hybrid REC configuration, we can achieve a K value of about 9. 

Under these conditions, design optimization need not be carried out to 

maximize the peak field at a gap of 2.0 cm. Instead, the aim of optimization 

is to achieve the desired field or deflection parameter K at a gap of 2.0 cm, 

and minimize the aspect ratio (heigh thicknes of the magnetic material. 

Also. the magnetic-field quality with a cosine-functional variation is not 

important at smaller gaps at which the ID behaves as a wiggler. 

On the other hand, at gaps larger than 4 cm, the device has 

undulator characteristics, with K between 1 and 2. Hence the two-

dimensional field optimization discussed in Section 12.2 was carried out for 

gap values ranging from 4.0 to 5.6 cm. The results of this iterative 

optimization are presented in Table 9. 

Figure 26 shows the optimized two-dimensional magnetic flux 

configuration of a quarter-period of the ID for a gap of 4 cm. The variation 

obtained in the y-component of the magnetic field from the optimization at 

G = 4 em is shown in Fig. 27. In addition, the field profile for a ec tory 

located at y == 0.2 em is shown. The deviation here is much smaller than that 

computed for the small-period undulator discussed in Section 12.2. 

The angle-integrated 0~axi8 brilliance for this device is shown in 

Fig. 28 for two different values of K as a function of photon energy. The 

first-harmonic energy peaks for the two cases are located at 1.5 and 

2.5 keY. respective 

A type A vacuum chamber 

for this device. and the 

Section 12.3. 

s discussed in Section 9.8) can be used 

chambers can be ted as discussed in 
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Table «} 

Optimized Parameters of the Hybrid REC Wiggler-Undulator 

Undulator Period, Ao (em) 

Magnet Gap, G (em) 

Pole Width (cm) in x Direction 

Pole Height (em) in y Direction 

Pole Thickness (em) in z Direction 

Magnet Width (em) in x Direction 

Magnet [TrJ.!j~ti 1IlD"( in y Direction 

Magnet Thickness (em) in z Direction 

Pole-Tip Overhang (em) in y Direction 

Peak Field On Axis, Bo (T) 

Peak K On Axis 

Peak Field Increase (%) at 0.2 em 
Off Axis ,in y Direction at G = 4 em 

Length of Straight Section (m) 

Minimum Length of Transition Section (m) 

Maximum Length Available for 
Undulator (m) 

Maximum Undulator Periods Used in 
Spectral Calculations, N 
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8.0 

2.0 to 5.6 

11.0 

4.25 

2.0 

13.0 

4.5 

6.0 

0.25 

1.2 to 0.15 

9 to 1 

0.4 

6.0 

0.4 

5.2 
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4.25 

Fig. 26 

~---1 

2.0 

Magnetic flux distribution in a quarter of an optimized 
undulator used for soft x-ray radiation with a 0=4 em and 
Ao""8 cm. Dimensions are in cm. The view on the right is an 
expanded portion of the pole overhang region discussed in the text. 
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Fig. 27 Magnetic field variation for two values of y for an optimized 
undulator with G=4 cm and Ao=8 em 
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Angle-integrat<!d on-axis spectral brilliance vs. energy for an 
undulator with em and two different values of K. These 
calculations the source size. 

1 
J 

10 



REFERENCES 

1. G. K. Shenoy and P. J. Viccaro, "An Overview of the Characteristics of 
the 6 GaV Synchrotron Radiation: A Preliminary Guide for Users," ANL 
Report ANL-85-69 (October 1985). 

2. "Conceptual Design of Sample Beamlines find Facilities for the 6 C,eV 
Synchrotron Source," ANI. Report, Light Source Not€: LS-5l (1986) 

75 




